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1. 0 INT RODUCTION 
Thermal radiation from rocket exhaust plumes can be a major heating 
source for the base region of launch vehicles. To provide analytical methods 
of predicting the radiative flux to this region, the Marshall Space Flight 
Center has sponsored a series of research studies. This research has led 
to the development of a method of ' analysis based on random or statistical band 
models with a modified Curtiss-Godson approximation for application to in-
homogeneous gases (References 1 and 2). 
The purpose of this report is to desc ribe the application of the analytical 
methods to the flux prediction for the S-II stage of the Saturn V launch vehicle. 
The report concerns itself with three areas of investigation: (1) a method of 
specifying the gas properties of the exhaust plume for the five-nozzle con-
figuration; (2) a limited investigation of a means of reducing computation 
time; and (3) the prediction of the radiative flux at selected points in the base 
region of the S-II stage. The computer program which was developed to 
numerically-evaluate the radiation heat transfer is described in Reference 3. 
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2. Q EXHAUST PLUME PROPER TIES 
In order to specify the exhaust plume properties it is necessary to: 
(1) define the engine operating conditions, (2) define the portion of the flow 
field to be treated, and (3) estimate the gas properties. For the S-II stage 
the operating conditions are easily defined by the trajectory. But the portion 
of the flow field to be treated is restricted by computer storage limitations, 
and the estimation of the gas properties is difficult due to the complex flow 
geometry. 
The S-II stage uses five Rocketdyne J - 2 engines arranged as shown in 
Figure 1. These engines use oxygen and hydrogen as propellants, but the 
propellant mixture ratio and the nozzle stagnation pressure are varied during 
the flight. The engines are started on a mixture ratio (oxygen/hydrogen) of 
5.0 (by weight), but shortly after starting, the ratio is increased to. 5. 5. The 
5. 5 mixture ratio is maintained for the major portion of the flight (approximately 
284 seconds), and then the mixture ratio is reduced to 4.7 for the remainder 
of the flight (approximately 94 seconds). Maximum radiation from the rocket 
exhaust occurs at the higher mixture ratio, so the operating conditions chosen 
for this analysis were the 5. 5 mixture ratio and the corresponding nozzle 
stagnation pressure of 715 psia. 
The radiation computer program (Reference 3) requires that the flow 
field be specified for radial planes in a symmetrical sector about an outboard 
engine as shown by Figures 1 and 2. The outboard engine was chosen as the 
center of flow field rather than the center engine, since it sitnplifies the 
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preparation of the flow field and requires less computer st.orage for a given 
amount of information. The radiation computer program obtains property 
values in the triangular region c-b-d (Figure 2) about the center engine by 
using a similarly located point in region a-b-d. This method assumes that 
plane b-d is a plane of symmetry, and although this is not actually true, it 
is consistent with the flow field approximation which was used. In the process 
of the radiation calculation, any point in the exhaust plu:m.e is referred to a 
similar point in the symmetrical sector for which the flow field is defined in 
order to obtain the gas properties. 
Before proceeding with a description of the physical limitations im.posed 
on the flow field by storage limitations in the radiation computer program., it 
is desirable to consider the limitations and approximations involved with the 
analytical methods used in estimating the exhaust plume gas properties. At 
the time the exhaust plume prediction was made, two three -dimensional pre-
diction methods were being developed, but due to the early point in their 
development cycle there was a lack of confidence that the problem could be 
successfully solved within the desired time period using these methods. Even 
if a successful prediction could have been nlade with one of these methods, it 
would have been necessary to prepare a computer program or subroutine to 
interpolate in the output to obtain the proper input form for the radiation 
program. 
Because of the uncertainty and possibility of delay, it was decided to make 
an approximation using the axisymmetric method of characteristics program 
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described in Reference 4. This program was familiar and had been used 
successfully many times to prepare input data from axisymmetric plumes for 
the radiation programs. It allows the use of equillibrium gas propertie s 
during expansion and includes a subroutine which will interpolate in the char-
acteristic net to provide gas properties (temperature, pressure, and gas 
species mole fractions) as a function of radius at specified axial locations. 
The axisymmetric program was used to approximate the three-dimensional 
. flow field by making a separate run at each of the ,,-planes shown in Figure 2. 
o,J;l each run, the plume was expanded from the nozzle exit then turned through 
.?J'il (Q,blique~,l:lOck into a cylinder with a radius equal to the distance between the 
e,ng:ine ceJ:;lft,e,r J.ine iiud :t,he ,impingement plane between e.11:g,ip.,es: :I?i~J;lCe ,the pres-
sure ratios at which the S-II engines operate produced.etta.clh,e,ql .0,1' ,nQ,r.IT,lCi.:1 
shocks between plumes, it was neces sary to arbitrarily re;£i!.AA,c,e ,the plume ex-
pansion angle until the expanded flow could be turned into thecyHnder by an 
attached oblique shock. To do this, the plume boundary between the nozzle exit 
and the cylinder was approximated by a cone, and various cone angles were tried 
until it was determined that a cone angle of 450 was the maximum angle for 
which the flow ~ould be turned successfully at all cylinder radii. 
The resulting flow geometry and isothermal contours are shown in Figure 3 
for several representative T}-planes, and in Figure 4 for the free-plume boundary 
which does not intersect an impingement plane. A combination of the predictions 
is made in Figure 5 to illustrate the variation of temperatures in a cross-
section thru the plume. 
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Although it is not possible to make a quantitative assessment of the 
accuracy of the flow field approximation, the expected effects are to reduce 
the temperature in regions near the base and increase the temperature in 
downstream regions. Effects on the free plume illustrated by Figure 4 are 
negligible from. a radiation standpoint. 
The reduced plume impingement angle resulting from the use of the 45 0 
conical transition will not only reduce the physical size of the initial impinge-
ment region, but it will also reduce the temperature in the initial impingement. 
This effect could be quite important for proximate surfaces such as the nozzle 
exit surfaces, but it would not be as important for more distant surfaces such 
as the heat shield. An offsetting effect occurs due to the lack of three-dimen-
sional relief as the gas moves downstream. This will cause the gas in the 
impingement regions to stay at a higher temperature than should actually 
exist and will result in an increase in plume radiance. 
The allowable length of the predicted flow field was limited to 300 inches 
primarily because of computer storage limitations which will be discussed 
later. However, while discussing the effects of the flow-field approximation, 
it is desirable to comment on the flow field aspects affecting the length con-
siderations. The shock positions at various l1-planes shown by· Figure 6 
indicate that at a11 planes up to 11= 35 0 the shock intercepts the plume center 
line at less than 300 inches from the nozzle exit. When this occurs in an 
axisymmetric plume. a Mach disk and shock reflection occurs» and estimates 
of the flow downstream of this point can be made. But in a three-dimensional 
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flow field, an axisymmetric type of reflection would not be even a reasonable 
approximation except on the center engine. This is best illustrated by referring 
to Figure 5. The shocks converge symmetrically on the centerline of the center 
engine; but on the outboard engine, the shock approaches the centerline from one 
side only. By the time the shock reaches the engine centerline, the validity of 
the approximation is very doubtful, so it was not considered worthwhile to 
complicate the radiation program geometry by trying to make further estimates 
of shock shape which would be different for the center and outboard engines. 
Therefore, the region between the centerline and the position at which the last 
left running characteristic crossed the 300-inch plane was assumed to be 
isothermal at the Z = 300 inch, "1 = 06 position. The results of this assumption 
are difficult to illustrate, but the effect may be noted at the 300-inch position 
in the folow field tabulation presented in the Appendix. 
If the flow field had been extended beyond 300 inches, the uncertainty 
caused by the flow field assumptions would become quite large. Since, as 
mentioned previously, the basic approximation made should give higher tem-
peratures in the downstream regions, it was considered that this would offset 
the effects terminating the flow field at 300 inches. 
To summarize, the flow field approximation is expected to give lower than 
desired estimates of temperature in the very beginning of the impingement 
regions, but it is expected to predict higher temperatures in the downstream 
portions of the impingement regions. As a result, the radiant heat flux inte-
grated over the entire plume is expected to be a reasonable estimate. Now that 
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the plume analysis has been reviewed, the description of the radiation program 
considerations will be completed. 
The radiation computer program uses linear interpolation to obtain exhaust 
plume properties from a table of properties defined as a function of (Z, 11, R) 
as shown by Figure 1. Due to computer storage limitations, the allowable 
dimensions of this property table were limited to (10, 13, 30). The distribution 
of the storage between the three dimensions was necessarily somewhat arbitrary 
but was governed by the following considerations: 
1) The properties were expected to vary more rapidly in the radial 
than in the axial di rection. 
2) Although there are no circumferential property variations upstream 
of the shock caused by the plume impingement, sufficient 11-planes 
need to be provided to try to accurately define the shock shape. 
This was important since most of the radiation wa~ expected to 
come from the flow downstrea:m of the impingement shock. 
Although the radial positions used throughout the flow field can be varied 
to best describe the particular flow field conditions, the 11 and Z positions 
used must be limited to specific locations to simplify flow field predictions 
and satisfy requirements of the radiation program. The maximum number of 
11 values used is shown in Figure 2, but some of these cO"lud be omitted for con-
venience where they were not required (i. e., at Z = ° the plume is axisym-
metric so no 11 dependency exists). These 11 positions were chosen to provide 
the best definition of the inner impingement regions which start relatively 
close to the nozzle exit and expand to significant dimensions as the flow moves 
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downstream. Similarly, the Z positions were chosen close together initially 
to define the inner impingement regions (values of Z were 0, 20, 30, 40, 60, 
80, 120, 160, 200, and 300 inches), In obtaining a more precise definition of 
the plume close to the nozzle exit plane, the p:tecision of the downstream 
definition was sacraficed. However, this is consistent with the p:tobable de-
crease in accuracy of the flow field approximation downstream of the nozzle. 
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3. 0 COMPUTER PROGRAM 
A detailed description of the radiation computer program is' given in 
Reference 3, but it will be described briefly here to provide a background for 
the results to be presented. In addition to the program outline, descriptions 
will be presented in this section of the occlusions used in the analysis, and 
the parametric studies made in selecting integration intervals to reduce com-
puter time. 
3.1 PROGRAM DESCRIPTION 
The computer program is divided into two subroutines. The first sub-
routine reads in the flow field listed in Appendix A and prepares a magnetic 
tape of the gas properties (temperature, pressure, and mole fraction) along 
each line of sight which passes through the flow field. Lines of sight are 
specified along radial lines in a spherical coordinate system about a point at 
which the radiative flux is desired (point of interest). In this coordinate 
system, S is the distance along the line of sight (or radius vector), e is the 
angle between the line of sight and the surface normal, andcp is the angle 
defining the position of the projection of the line of sight in the plane of the 
point of inte re st. 
The second subroutine takes each line of sight and computes the radiative 
flux using the summation 
o 
Q/A 
Vf 
~ 
v· 1 
sf 
~ 
o 
o 
-B v [ G (s, v) - G (s-As, v)] sine cose Ae Acp Av (1) 
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where BOu is the black body spectral radiance evaluated at the center of each 
wave number interval, ~u, and G is the average transmissivity. 
The ave rage transmis sivity is computed using a statistical or random 
band model with a modified Curtiss-Godson approximation to account for the 
inhomogeneous gas properties. This method is described in Reference 1 as 
Model 3a, but the line density and absorption coefficients are obtained from 
Reference Z. Absorption coefficients for water vapor are available over a 
wavenumber range of 50 to 11000 cm-1 with a spacing of ~u= 25 em-I. 
3. 2 BLOCKING CIRCLE CONFIGURATION 
The occlusion of lines of sight by parts of the S-II stage is provided for in 
the radiation program by the use of "blocking circles" which can be located to 
simulate the vehicle structure. The blocking circles are in planes parallel 
to the X- Y plane, and each is located by the coordinates of the center and 
the radius. In addition to location, each circle is identified as a disk or a 
hole. Whenever a line of sight passe,s through a disk, or outside of a hole, 
the line of sight is terminated at the plane of the circle. 
The occlusions for the S-II stage are described by thirty-six blocking 
circles as shown in Table I. Here it is seen that type 0 specifies a disk and 
type 1, a hole. Thirty of these blocking circles are used to describe the engine 
nozzles (six for each nozzle) and are designated as disks. The vehicle skirt is 
described by one blocking circle which is designated as a hole. 
The heat shield is non-circular and as a consequence, is simulated by a 
configuration of five disks as indicated by the typical quadrant shown in 
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Figure 7. Here the heat shield is considered to be a disk with a radius of 
105 inches, and the peripheral irregularities are simulated by circles of equal 
area. It is noted that the lOS-inch radius blocking circle intersects the five 
engine nozzles. Since the nozzles are also occluded by disk type blocking 
circles, no error is introduced by the intersection. 
3.3 STUDY OF COMPUTER TIME 
In using the exhaust gas radiation computer program for a single Hne of 
sight, the computation time is very short. However, when integration over 
many lines of sight is required, the com.putation time may be several hours, 
so a brief evaluation was made of several variables to determine the effect on 
computation time and accuracy. The variables considered were the geometric 
step size. the wave number interval, and the minimum absorption coefficient 
to be considered. 
In order to evaluate the effect of these variables. a typical line of sight 
was chosen for testing. The location of this line of sight is shown by Figure 6. 
It passes through a plume impingement zone and has temperature and accumu-
lated flux distributions as shown by Figure 8. The minor temperature fluctu-
ations evident along this line of sight are typical of fluctuations caused by the 
linear interpolation methods used by the radiation computer program for gas 
properties. 
In selecting the geometric limits of S, <p. and S, each limit must be chosen 
large enough to encompass the entire input flow field, so the problem in 
selecting the geometry is essentially one of selecting the desired intervals. 
It is difficult to find a criteria for specifying the optimum angular increments. 
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A$ and AS, so they were selected as 3 degrees. This provided reasonable 
resolution and any increm.ent significantly stnaller would have produced un-
reasonable computation times. In contrast, the interval along the line of 
sight, AS, can be varied using a temperature criteria. 
The computer program applies a temperature criteria to the increment 
length along a line of sight by first preparing the properties along a line of 
sight using a relatively small step size to define the high temperature impinge-
ment regions. The properties at each interval are then summed until the tempera-
ture change is equal to an input change,AT. When this occurs$ the properties 
are averaged, and a term in the summation of Equation 1 is computed. Due to 
the rapid change of temperatur'e in the plume impingement regions $ a AS of 
three inches was chosen for calculating the gas properties. For this basic step 
size, the effect on computer time p T ~ and predicted flux, F, of using temperature 
incretnents up to ,AT = 2000 R is shown by Figure 9. Because of the signific(l,nt 
reduction in computer time with only a minor loss of accuracy, the 2000 R 
temperature increment was selected for all radiation calculations. 
An equally effective method of reducing computer time was found in in-
creasing the wave number interval (.6. \)} used in Equation 1. The radiation 
computer program requires that the wave ,number interval be a mUltiple of 
the 25 cm~i interval used in the water vapor absorption coefficient table. For 
a given problem, the computation time will be approximately inversely pro-
portional to the wave number interval used. This is shown by Figure 10 for 
wave number intervals of 50 and 100 cm- 1 • Since a significant saving in 
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computer time occurred with negligible loss in accuracy using Au = 100 cm-1 , 
this interval was selected for the S-II radiation estimates. 
Another time-saving variation which was allowed for in the radiation pro-
gram was a minimum absorption coefficient test. In this option any spectral 
interval for which the absorption coefficient is below a specified minimum 
(Hmin) is neglected. Although this can reduce the computation time, the 
method in which it was programmed did not allow for maximum effectiveness. 
The program does not provide any weighting for the absorption coefficient test 
as a function of the pressure and temperature in the gas. Because of this, 
significant radiation from a hot, dense region may be neglected due to the 
absorption coefficient being too low. 
The results of the test cases with minimum absorption coefficient (Hmin) 
values of 10-3 and 10-2 are presented in Figure 11. Since the time-saving 
resulting from this option is not great and the results are likely to be of un-
predictable accuracy, this option was not used in the S-II radiation prediction. 
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4.0 RESULTS 
.Radiation calculations were performed for eight points of interest (POI) 
in the base region of the S-II stage. These points, shown in Figure 12, 
represent regions where the maximum radiation heating was anticipated on the 
heat shield, engine nozzle, thrust cone, and interstage. In addition, the points 
selected on the heat shield correspond to positions selected for flight measure-
ments with radiation calorimeters. 
The radiation calculations were carried out using geometric integration 
limits which would include the entire exhaust plume approximation described 
in Section 2. The wave num.ber range used corresponded to the range of 
available water vapor absorption coefficients, i. e., 50 to 11000 cm-1 (this 
corresponds to wavelength range of 0.91 to 200 microns). 
The results of the radiation predictions are presented in Table 2 with a 
comparison of previous estimates using a less exact method, Results of the 
two methods agree surprisingly well, and the heat shield flux is close to the 
rough estimate of 1. 14 watts/cmz (for an engine mixture ratio of 5) which was 
made before any detailed calculations were carried"out (Reference 6). However, 
the reasonable agreement between the various methods should be considered 
coincidental. 
The computer time (IBM 7094) required initially to generate the flow 
field was approximately 5 hours and the time requi:red for radiation estimates 
was a maximum of about 2 hours per point. The radiation calculation time varied 
greatly in proportion to the number of lines of sight which hit the exhaust 
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plume and the temperature variations along the line of sight. The time re-
quired to perform the flow field interpolation was typically about 1. a minutes 
per point, so the major portion of the run time was required for the detailed 
radiation calculations. 
It should be possible in future estimates to reduce the computer time by 
deleting a large portion of the short wavelength spectrum (i. e., u = 6000 to 
I] 000 cm-1 ), but at the time these estimates were made, this method was 
not used due to lack of sufficient previous experience. In more recent 
estimates for a line of sight acros s a J -2 engine plume near the nozzle exit, 
it was found that 97 percent of the radiant flux from. water vapor in the plume 
lies between wavenumbers of 100 and 6000 cm -1 {wavelengths of 1. 67 to lOa 
microns}. 
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5, 0 CONCLUSIONS 
This was the first application of the band-model radiation calculation 
procedure to the prediction of radiant flux from the three-dimensional ex-
haust plume of a cluster of rocket engines. Although the prediction of the 
exhaust plume properties involved simplifying approximations, it is believed 
that similar applications to upper stages are feasible and will provide reason-
ably accurate estimates. However, a similar application to a plume con-
taining carbon particles or to a plume at low altitude with afterburning would 
be considerably more difficult and the results much less certain due to the 
unresolved problems in gas property predictions. It is apparent that the 
accuracy and feasibility of exhaust plume radiation predictions is now depen-
dent mainly on the availability of satisfactory exhaust plume property pre-
diction methods. 
The analytical radiation prediction methods are reasonably well defined 
at the present time, although it is anticipated that the water vapor band-model 
parameters wiil be refined as more experimental data become available. 
Further refinements are also planned for future radiation computer program.s 
based on the experience gained in this application. These modifications will 
be planned to im.prove input! output flexibility and reduce running time. 
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I TABLE 1. BLOCKING CIRCLE GEOMETRY 
I X Y Z R TYPE 
I O. 0000 O. 0000 O. 0000 40. 0000 0 105. 0000 O. OOOb o. 0000 40. 0000 0 
-105.0000 O. 0000 O. 0000 40. 0000 0 
I o. 0000 105.0000 O. 0000 40. 0000 0 O. 0000 -105. 0000 O. 0000 40.0000 0 
O. 0000 O. 0000 -35.7200 32. 2000 0 
I 105.0000 0.0000 -35.7200 32.2000 0 -105. 0000 O. 0000 -35.7200 32.2000 0 
O. 0000 105. 0000 -35.7200 32.2000 0 
I 0.0000 -105. 0000 -35.7200 32.2000 0 O. 0000 O. 0000 -40.7200 30.4000 0 
105. 0000 O. 0000 -40.7200 30.4000 0 
I 105.0000 O. 0000 -40.7200 30.4000 0 -105. 0000 O. 0000 -40.7200 30.4000 0 
O. 0000 105.0000 -40. 7200 30.4000 0 
I o. 0000 -105.0000 -40.7200 30.4000 0 O. 0000 O. 0000 -49. 3000 28.1000 0 
105.0000 O. 0000 -49. 3000 28.1000 0 
I -105.0000 O. 0000 -49. 3000 28.1000 0 O. 0000 105. 0000 -49. 3000 28. 1000 0 
O. 0000 -105. 0000 -49. 3000 28. 1000 0 
I o. 0000 O. 0000 -55. 9000 28. 2000 0 105.0000 O. 0000 -55.9000 28. 2000 0 
-105. 0000 O. 0000 -55.9000 28. 2000 0 
I o. 0000 105. 0000 -55. 9000 28. 2000 0 O. 0000 -105. 0000 -55.9000 28.2000 0 
0.0000 O. 0000 -62. 3000 21. 0000 0 
I 105.0000 O. 0000 -62. 3000 21. 0000 0 -105. 0000 O. 0000 -62. 3000 21. 0000 0 
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HAYES INTERNATIONAL CORPORATION 
POI 
HS-l 
HS-2 
NE-1 
NE-2 
'TS-1 * 
TS-2 * 
IS-l 
IS-2 
POI 
HS 
NE 
TS 
IS 
* 
TABLE 2. POINT OF INTEREST PARAMETERS 
X Y Z 
RADIAT1VE 2FLUX WATTs/eM 
In. In. In. REF. 5 
52.5 0 -60 0.90 
70.711 -70.711 -60 1.18 
66.6 0 0 4.20 
66.6 0 0 2.04 
140.0 _140.0 -212 0.17 
124.5 -124.5 -212 0.07 
140.0 _140.0 -16 0.73 
140.0 -140.0 -16 1. 25 
Point of Interest 
Heat Shield 
Nozzle Exit 
Thrust Structure 
Interstage 
The blocking circle corresponding to the interstage 
skirt was not used for these points. 
PRESENT 
WORK 
1.11 
1.14 
4.41 
2.58 
0.15 
0.05 
0.79 
1.11 
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NOTE: ALL DIMENSIONS ARE IN INCHES 
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Approximate Flow Field Boundaries 
Z Typ. 150 
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Field Region 
Described In 
Computer Input 
S-II 
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FIGURE 1. SATURN S-II BASE CONFIGURATION AND RADIATION 
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FIGURE 2. FLOW FIELD GEOMETRY FOR S-ll RADIATION PREDICTION 
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, FIGURE 3 • TYPICAL PLUME TEMPERATURES FOR THE S-II 
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FIGURE 4 • COMPARISON OF FREE PLUME TEMPERATURES 
TO THE S-II FLOW FIELD APPROXIMATION 
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FIGURE 5 • ISOTHERMAl., CONTOURS FOR THE X-Z PLANE 
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FIGURE 6. SHOCK POSITION FOR THE S -II FLOW 
FIE LD APPR OXIMATION 
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FIGURE 7. HEAT SHIELD BLOCKING CIRCLE APPROXIMATION 
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Notes: 
1. Multiply Flux by 730 
to convert to Intensity in 
BTU/ftz _ sec-ster. 
Z. Multiply Flux by 1. 135 to 
convert to Watts/cmz .• 
3. 0 Denotes Calculated Data 
Points. 
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FIGURE 8. COMPARISON OF ACCUMULA TED FLUX AND 
TEMPERATURE PROFILE ALONGA SELECTED 
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T r = computer run time based on the reference conditions, 
~. u = 25, Do. T = O. 0, and A s = 3. 
F r = computed flux for reference conditions 
1.0~--__ ===r========~--------------.--------------, 
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FIGURE 9. EFFECT OF VARYING TEMPERATURE STEP INCREMENT 
ON COMPUTER RUNNING TIME AND CALCULATION ACCURACY 
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FIGURE 10. EFFECT OF VARYING WAVE NUMBER ON COMPUTER RUNNING 
TIME AND CALCULATION ACCURACY 
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FIGURE 11. EFFECT OF VAR YING Hmin ON COMPUTER RUNNING 
TIME AND CALCULATION ACCURAC Y 
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